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Edited by Peter BrzezinskiAbstract Ribonucleotide reductase (class I) contains two com-
ponents: protein R1 binds the substrate, and protein R2 normally
has a diferric site and a tyrosyl free radical needed for catalysis.
In Chlamydia trachomatis RNR, protein R2 functions without
radical. Enzyme activity studies show that in addition to a diiron
cluster, a mixed manganese–iron cluster provides the oxidation
equivalent needed to initiate catalysis. An EPR signal was ob-
served from an antiferromagnetically coupled high-spin
Mn(III)–Fe(III) cluster in a catalytic reaction mixture with
added inhibitor hydroxyurea. The manganese–iron cluster in pro-
tein R2 confers much higher speciﬁc activity than the diiron clus-
ter does to the enzyme.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Chlamydia trachomatis1. Introduction
Chlamydia bacteria are obligate intracellular eubacterial par-
asites of higher organisms. Chlamydia trachomatis (C. tm.) is a
common pathogen infecting humans [1]. C. tm. imports NTPs
directly from its host cell, but the dNTPs needed for its DNA
synthesis have to be produced inside the bacteria [2]. The ribo-
nucleotide reductase (RNR) enzyme is required for reducing
NTPs to dNTPs in order to make the DNA precursors.
From the sequenced genome of C. tm. it is clear that it codes
only for one class of RNRs. This C. tm. RNR has been cloned
and characterized [2,3]. Genetically it is classiﬁed as a class Ia
RNR, requiring oxygen for its activation. Class I RNR, found
in higher organisms and certain bacteria and also coded for by
certain viruses, is composed of two homodimeric proteins, R1
and R2 [4]. Protein R1 has the active site and sites for allosteric
regulation. Protein R2 in each polypeptide chain can harbour
a dimeric iron cluster which normally has a neighboring tyro-Abbreviations: C. tm., Chlamydia trachomatis; CDP, cytidine 50-
diphosphate; dCDP, deoxycytidine diphosphate; DTT, dithiothreitol;
EDTA, ethylenediamine-N,N,N0,N0-tetraacetic acid; hf coupling, hyper-
ﬁne coupling; ENDOR, electron nuclear double resonance; EPR,
electron paramagnetic resonance; RNR, ribonucleotide reductase
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zyme activity [5]. The free radical represents an oxidized state
needed to induce free radical chemistry at the substrate binding
site in R1. The tyrosyl radical is formed in an activating reac-
tion involving ferrous iron and molecular oxygen [5].
The Chlamydial RNR is peculiar in that the residue corre-
sponding to tyrosine in normal class I RNRs is a phenylala-
nine which cannot harbor a free radical. Instead it appeared
that the free radical inducing activity in R2 could be replaced
by an oxidized Fe(III)–Fe(IV) form of the diiron cluster, as
shown in our previous studies [6,7]. Because of these properties
of Chlamydial protein R2, it was suggested that it deﬁnes a
new subclass Ic [6]. In normal class I RNR the corresponding
Fe(III)–Fe(IV) cluster is the transient penultimate precursor
species (called intermediate X) in the activating redox reaction
giving rise to the tyrosyl radical [8,9]. ENDOR studies have
shown that the Fe(III)–Fe(IV) cluster in C. tm. RNR is spec-
troscopically virtually identical to intermediate X, suggesting
that also structurally the diiron clusters are very similar1. In
the Chlamydial RNR the Fe(III)–Fe(IV) cluster becomes rela-
tively stable and can presumably perform in more than one cy-
cle of the catalytic reaction.
The catalytic reaction in class I RNR involves a long-range
electron transfer (coupled to proton transfer) between the sub-
strate binding site in protein R1 and the iron/radical site in
protein R2 [4,5,10–12]. Conserved residues provide a hydro-
gen-bonded pathway proposed to guide the transfer.
Here, we present results based on enzyme activity and EPR
studies which show that C. tm. RNR with proteins R1 and R2
produced recombinantly requires both iron and manganese
metal ions for optimal speciﬁc activity of protein R2 (with pro-
tein R1 in excess). The EPR data show that C. tm. protein R2
contains mixed manganese–iron clusters in addition to the diir-
on clusters reported earlier [6,7], and that the mixed metal clus-
ters are associated with high enzyme activity.2. Materials and methods
C. tm. RNR expression vectors for truncated wild type R1D1–248
and wild type R2 were constructed in the laboratory of Grant McCl-
arty, University of Manitoba, Canada. Recombinant proteins were ex-
pressed and puriﬁed as described earlier [13,7] with minor1Voevodskaya, N., Galander, M., Ho¨gbom, M., Stenmark, P.,
McClarty, G., Gra¨slund, A. and Lendzian, F. (in press) Structure of
the high-valent FeIII–FeIV state in ribonucleotide reductase (RNR) of
Chlamydia trachomatis – combined EPR, 57Fe, 1H-ENDOR and X-ray
studies. Biochim. Biophys. Acta.
blished by Elsevier B.V. All rights reserved.
Table 1
Diﬀerent types of recombinant protein R2 used in the RNR activity assay experiments, and their manganese and iron contents
R2 type Conditions of R2 protein expression
and treatment
Mn/poly-
peptide
Fe/poly-
peptide
Speciﬁc activity, U,
nmol/mg R2 min
Speciﬁc activity in the presence
of 50 lM MnCl2 in the assay,
nmol/mgR2 min
1 Apoprotein overexpressed in LB medium in the
presence of 0.5 mM EDTA
<0.01, n.d. 0.8 27
2 Overexpressed in LB medium (4 proteins) 0.04 ± 0.03 0.7 ± 0.1 35 ± 3 148 ± 35
3 Overexpressed in TB medium (4 proteins) 0.13 ± 0.03 0.7 ± 0.1 80 ± 6 136 ± 20
4 Overexpressed in LB medium, with 500 lM
MnCl2added before
overexpression (3 proteins)
0.21 ± 0.02 0.7 ± 0.2 119 ± 21
5 Overexpressed in LB medium, 100 lM
MnCl2concentration was kept in the
medium during production (2 proteins)
0.37 ± 0.01 0.9 ± 0.1 200 ± 10 215 ± 26
6 Apoprotein type 1, reconstituted with
iron and manganese
0.31 1.8 153
7 Apoprotein type 1, reconstituted with iron <0.01, n.d. 2.1 6
8 Overexpressed in LB medium, when 2 mM
MnCl2was added before overexpression
0.34 0.22 10
The procedure by which the proteins were produced is brieﬂy indicated for each type.
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media, Bacto Tryptone and yeast extract were purchased from Becton,
Dickinson and Co., Le Pont de Claix, France. Reconstitution of apo-
protein with the metals was performed as described earlier [7] except
that in case of Fe/Mn reconstitution, the protein solution was pre-
loaded with 1 mM MnCl2before iron was added. Iron was added as
either (NH4)2
56Fe(SO4)2 or
57FeCl2. After reconstitution unbound me-
tal ions were removed by passing the protein solution through NAP
G25 columns three times.
Protein R2 (polypeptide) concentration was determined using a mo-
lar absorptivity of 58000 M1 cm1 at 280 nm. Iron content was deter-
mined using an Iron/TIBC (Ferrozine) Reagent set from Eagle
Diagnostics. Manganese content was determined by room temperature
EPR by comparing the intensity of the sixline Mn2+ spectrum from the
supernatant of acid denatured protein R2 with that of a MnCl2 sample
of known concentration. Atomic absorption spectroscopy measure-
ments (Analytica AB Company, Lulea˚, Sweden) of the metal content
for two of the investigated R2 proteins were used to conﬁrm the data
obtained by the chemical and EPR spectroscopy methods.
The EPR samples made to mimic the conditions of the activity assay
contained 50 lM R2, 100 lM R1(D1–248), 50 mM KCl, 10 mM dithi-
othreitol (DTT), 1 mM ATP, 6 mM MgCl2, 5 mM cytidine 5
0-diphos-
phate (CDP), 1 mM hydroxyurea (if indicated) in 50 mM Tris buﬀer
(pH 7.5). Samples were incubated at 25 C for 10 min and quickly fro-
zen in 120 C isopentane before storage in liquid nitrogen. Unless
otherwise indicated, EPR spectra were recorded not more than 1 h
after their preparation. When there was a special need to remove the
EPR signal from species X, the samples were ﬁrst stored in liquid nitro-
gen for 72 h.
The ribonucleotide reductase activity was assayed by determining
the reduction of CDP as described previously [14]. Each sample con-
tained 1 lM R2, 4 lM R1(D1–248), 50 mM KCl, 10 mM DTT,
0.1 mM ATP, 0.6 mM MgCl2, 1 mM
3HCDP (11000 CPM) and was
incubated for 10 min at 25 C. One unit of enzyme activity corresponds
to 1 nmol of dCDP formed per min.
9.5 GHz EPR spectra were recorded on a Bruker ESP 300 X-band
spectrometer with an Oxford Instruments ESR9 helium cryostat at
40 K, 3 mW microwave power, and 0.5 mT modulation amplitude.
Spin quantitation was performed by double integration of EPR spectra
recorded at non-saturating microwave power levels, using standard
Bruker software, and comparing with a standard solution of 1 mM
CuSO4 in 10 mM EDTA.
The EPR spectra were analyzed using software for simulating and
ﬁtting EPR spectra for S = 1/2 spin systems with anisotropic g- and
hyperﬁne tensors [15]. Thereby the spectra are simulated by computing
the resonant ﬁeld position correct to second order at the given micro-
wave frequency, dependent on the orientation of the g- and hf-tensors
with respect to the external magnetic ﬁeld.3. Results and discussion
C. tm. R2 protein was produced recombinantly in E. coli.
Growth conditions were varied and the resulting puriﬁed pro-
tein R2 was assayed for its metal content and enzymatic activ-
ity (Table 1). Starting from conventional LB or TB media,
extra manganese ions were supplied during the production
process in some of the experiments. Other productions were
made with a metal chelator (EDTA) present during the pro-
duction process. This resulted in a protein with a low metal
content (‘‘apoprotein’’), which could then be reconstituted
with iron or an iron–manganese mixture. The diﬀerent produc-
tion procedures resulted in R2 proteins with varied composi-
tions in terms of iron and manganese content (Table 1).
Overall the amount of metal ions was relatively low, generally
less than 1 Fe and 1 Mn per polypeptide chain.
Using the diﬀerent R2 proteins in enzyme assays showed
that the speciﬁc enzyme activity is dependent on manganese
as well as iron content of protein R2 (Table 1, Fig. 1). The
R2 from bacteria grown in a regular LB medium has a speciﬁc
activity of 30–40 U, which could be increased about 5- or 6-
fold to about 200 U, when manganese was added during the
production. The R2 protein from bacteria grown in a TB med-
ium gave a speciﬁc activity of about 80 U. When manganese
was added during the assay reaction, the samples with R2 pro-
teins with originally relatively low manganese content, showed
signiﬁcant increases in speciﬁc activity (Table 1). Fig. 1 (upper
panel) shows that the activity dependence on manganese (for
samples with similar iron content) is close to linear (regression
coeﬃcient r = 0.98). The iron dependence was measured in
samples that were saturated with manganese (50 lM during
the assay, Table 1). Here the results are more scattered
(r = 0.81). Protein R2 samples 7 and 8 in Table 1 were pro-
duced under extreme conditions and are low in either manga-
nese or iron. Both have only weak activities. Taken together,
these results show that increased manganese content signiﬁ-
cantly promotes enzyme activity in the C. tm. RNR enzyme,
and that both iron and manganese are important for the activ-
ity. The previously reported speciﬁc activity of recombinant
Fig. 3. EPR spectra and their simulations from the Mn(III)–Fe(III)
cluster in C. tm. RNR samples. The samples, with complete catalytic
mixtures like in Fig. 2, had been stored at 77 K for 72 h to suppress the
contribution of the induced signal from the Fe(III)–Fe(IV) cluster. (A)
Normal isotope constitution, 55Mn(III)–56Fe(III), where only the
hyperﬁne splitting from the 55Mn nucleus (nuclear spin 5/2) is
observed. (B) Simulation of spectrum A using the g- and 55Mn hf-
parameters given in Table 2. (C) 55Mn(III)–57Fe(III) cluster in 57Fe
enriched samples. Clear indication of line splitting is observed when
comparing the experimental spectra from 56Fe and 57Fe samples, A
and C. (D) Simulation of spectrum C from which the 57Fe hf-tensor
values given in Table 2 were obtained. The 57Fe hf-tensor values
observed here for the 55Mn(III)–57Fe(III) cluster are within their error
margins the same as for 57Fe(III) in the 57Fe(III)–57Fe(IV) species X,
which is observed in C. tm. RNR in the absence of manganese (Table 2
and footnote 1). The simulation (D) is performed using the upper
margin values for the 57Fe-hf-tensor (Table 2, same as for 57Fe(III) in
species X) and assuming 40% contribution from unlabelled 56Fe
samples.
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Fig. 1. Speciﬁc activities of C. tm. RNR protein R2 as function of
metal ion content. Upper panel, Mn dependence. Lower panel, Fe
dependence, when the assay mixture contained 50 lMMnCl2. Symbols
s,d,h, ,n,m indicate which type of the R2 protein was used in the
assays (types 1–6, respectively, from Table 1).
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Fig. 2. (A) EPR spectrum at 40 K for a complete catalytic mixture of
C. tm. RNR, frozen after 20 min incubation at 20 C. The spectrum
was recorded within 5 min after freezing in 120 C isopentane. (B)
Same as A, but with 1 mM hydroxyurea added to the catalytic mixture.
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and footnote 1) from an R2 protein produced without speciﬁc
metal supplements.
EPR spectroscopy was used to study the C. tm. RNR under
conditions which mimic the enzyme assay conditions. The
sample was mixed with all components required for activity as-
say, allowed to incubate at 25 C for 10 min, and then frozen
in cold isopentane. Fig. 2A shows the EPR spectrum recorded
at 40 K of the catalytic mixture. The protein R2 sample used
was one described as type 3 in Table 1, containing about
0.13 Mn and 0.7 Fe per polypeptide of R2. The observed
EPR spectrum is a mixture of a central signal at g = 2 from
the Fe(III)–Fe(IV) cluster (species X) and a weak, broad
(700 G) sixline signal. An approximate quantitation of the spe-
cies X signal shows that it corresponds to about 0.02/polypep-
tide. The new sixline signal was signiﬁcantly enhanced if an
inhibitor of the enzymatic reaction (hydoxyurea) was added
to the activity assay mixture at the beginning of the experiment
(Fig. 2B). The signal from species X was reduced by about a
factor of 2 after the hydroxyurea addition. Quantitatively the
sixline signal corresponds to about 0.12 spin 1/2 species per
polypeptide under these conditions.
To interpret these results we suggest that the new sixline
EPR signal characterizes an inactivated state of the protein,
since it is enhanced after adding the inhibitor hydroxyurea.The most obvious interpretation is that the sixline signal is
associated with an S = 1/2 system which includes manganese.
Manganese has the nuclear spin of I = 5/2. For a more clean
sixline EPR signal (Fig. 3A) we also recorded it using an R2
protein with a relatively high concentration of manganese,
which had been stored in liquid nitrogen for 72 h to remove
the EPR signal of species X. An EPR spectrum simulation
of this spectrum is shown in Fig. 3B. The obtained 55Mn
hyperﬁne tensor values are given in Table 2.
Table 2
55Mn- and 57Fe-hyperﬁne tensor and g-tensor principal components of the Mn(III)–Fe(III) cluster in R2 of C. tm. RNR
Tensor principal component g-Valuea A (55Mn)b [G] A(57Fe) c [G]
xx 2.015(1) 140(1) 24(2)
yy 2.009(1) 112(1) 25(2)
zz 2.024(1) 96(1) 22(4)
In parentheses are given the uncertainties in the last digits of the estimated values.
aValues from simulations of the EPR spectrum of the 55Mn(III)–56Fe(III) center (Fig. 3B). The same g-tensor values were used for the simulation of
the spectrum from the 55Mn(III)–57Fe(III) center (Fig. 3D).
bValues from simulations of the EPR spectrum of the 55Mn(III)–56Fe(III) center (Fig. 3B). The same 55Mn hf-tensor values were used for the
simulation of the spectrum from the 55Mn(III)–57Fe(III) center (Fig. 3D).
cValues from the simulation of the EPR spectrum of the center 55Mn(III)–57Fe(III), enriched in 57Fe (Fig. 3D). These values are within their error
margins in good agreement with the 57Fe(III) hf-tensor values from the 57Fe(III)–57Fe(IV) center ‘‘X’’ (26.2, 27.7 and 25.6 G), which is observed in C.
tm. samples in the absence of manganese (footnote 1).
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tein which had been produced as an ‘‘apoprotein’’ and recon-
stituted with a mixture of manganese and iron with isotope
substitution to 57Fe. The 57Fe isotope has a nuclear spin
I = 1/2 in contrast to 56Fe with zero nuclear spin. When the
57Fe containing protein was used in the reaction mixture with
added hydroxyurea, the six-line EPR spectrum showed clear
indication of line splitting. An experimental spectrum from
the 57Fe sample is shown in Fig. 3C, to be compared with
the 56Fe sample spectrum in Fig. 3A. The splitting is consistent
with an additional hyperﬁne coupling from the 57Fe nucleus.
The simulation of the EPR spectrum from the 57Fe-substituted
sample (Fig. 3D) yielded the 57Fe hyperﬁne (hf) tensor compo-
nents included in Table 2. These 57Fe hf-tensor values are with-
in their error margins in agreement with those from the
57Fe(III) ion in the 57Fe enriched Fe(III)–Fe(IV) cluster X (Ta-
ble 2), which is better observed in the absence of manganese
(also footnote 1). This shows that the 57Fe(III) ion is in close
vicinity and coupled to the 55Mn(III) ion.
These observations, in particular the values for the 57Fe hf-
tensor, which are within experimental error the same as for the
57Fe(III)–57Fe(IV) species X, strongly suggest that the ob-
served sixline EPR spectra (Figs. 2B, 3A and C) originate from
a mixed dimetal cluster composed of Mn(III)–Fe(III). The
individual metal ions of the cluster are in high-spin conﬁgura-
tion and antiferromagnetically coupled, to produce a ground
state S = 1/2 system, much in a similar way as the Fe(III)
and Fe(IV) ions are coupled in species X.
A very similar EPR spectrum was observed in E. coli protein
R2, produced by anaerobic sequential addition of Fe2+ and
Mn2+ to apoprotein R2, followed by addition of H2O2
[16,17]. This H2O2-induced spectrum was assigned to a cou-
pled Mn(III)–Fe(III) state of the metal cluster.
From the quantitative estimations made from the observed
EPR spectrum in Fig. 2B, we estimated that the mixed clusters
correspond to at least 0.12/polypeptide in this preparation, clo-
sely matching the manganese content. The pure diiron clusters
in the Fe(III)–Fe(IV) state estimated from Fig. 2A at the same
time corresponded to only 0.02/polypeptide, much less than
the overall iron content. Both the Fe(III)–Fe(IV) and the
mixed manganese–iron site become activated when the enzyme
reaction is initiated, and both are signiﬁcantly changed when
the inhibitor hydroxyurea is added to the sample. It is there-
fore reasonable to propose that both may be related to enzyme
activity.
The quantitative estimates obtained from the EPR spectra
regarding Fe(III)–Fe(IV) in the activated state and theMn(III)–Fe(III) in the inactivated state should represent at
least minimum values of the actual concentrations of the cor-
responding clusters in protein R2. The relative number of ob-
served active diiron clusters is small relative to the number of
observed inactivated mixed metal clusters (0.02 relative to
0.12) in the sample described in Fig. 2. The activity data (Table
1 and Fig. 2A) suggest that the diiron clusters may be respon-
sible for a low ‘‘basic’’ speciﬁc activity of the protein R2
(around 20 U, from the y-axis intercept of Fig. 1, upper panel).
The actual number of potentially active Fe(III)–Fe(IV) clusters
cannot be determined with any certainty, since it could be that
we only observe a fraction of them by EPR during the ongoing
reaction. The speciﬁc activity increase up to 200 U in the R2
proteins with up to 0.4 Mn/polypeptide obviously originates
from the mixed metal clusters.
These observations lead us directly to suggest a model for
metal reconstitution and activation of recombinant C. tm. pro-
tein R2 in the mixed metal case. The model is directly parallel
to that previously proposed for the diiron cluster [7]. The re-
duced state of the metal cluster contains an uncoupled
Fe(II)–Mn(II), which gives rise to another sixline EPR signal
from the protein-bound Mn(II) in samples containing a rela-
tively high amount of manganese (data not shown). Reaction
with molecular oxygen gives rise to a state which is three oxi-
dation equivalents above the reduced state, i.e. probably oxo-
bridged and antiferromagnetically coupled Mn(IV)–Fe(III) or
Mn(III)–Fe(IV). This state should be silent in conventional
EPR spectroscopy (antiferromagnetically coupled with a zero
or even spin state, respectively). It should have a high oxida-
tion potential and is able to replace the tyrosyl radical in other
class I RNRs (or the Fe(III)–Fe(IV) cluster in the absence of
manganese). Finally, inhibition of the enzyme by the 1-electron
donor hydroxyurea produces the Mn(III)–Fe(III) state, which
is EPR visible and has the spectrum shown in Fig. 2B.
The results raise several new questions about the metal func-
tions in RNR, both the Chlamydia enzyme as well as other
class I RNRs. Our observations were made with recombinant
proteins, where to a certain extent we may have ‘‘forced’’ met-
als to enter protein R2. What is the situation in native Chla-
mydia bacteria? This is not yet known, but it should be
pointed out that both iron and manganese ions are about
equally abundant in sea water on earth [18]. It may be an evo-
lutionary advantage to an organism to have more than one op-
tion in the composition of its RNR, and it may be that
diﬀerent metal sites may be diﬀerently sensitive to external per-
turbations. The crucial property appears to be that the site has
to react with molecular oxygen and remain in a highly oxidized
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radical generator in its R2 component, and its actual metal
composition may be less important than its oxidation power.
While this manuscript was under review, a similar observa-
tion concerning a manganese/iron cofactor in C. tm. RNR
was published by the Bollinger group [19]. Their study was also
based on a C. tm. R2 protein expressed in E. coli, but in their
case R2 was made into metal-depleted apoprotein before addi-
tion of metal ions. Mo¨ssbauer spectroscopy suggested that the
active form of the metal cluster is a Mn(IV)/Fe(III) state. Opti-
mal activity was observed when iron and manganese were
added in a 1:1 ratio. EPR spectra after dithionite reduction
of the R1:R2 complex were similar to those presented here
and conﬁrmed the interpretation of the metal site. While there
is no question that the mixed manganese–iron site confers high
catalytic activity, the question still remains open about the rel-
evance of a lower activity associated with the diiron site. The
Bollinger group were unable to reproduce the induction of
an EPR signal from an Fe(III)–Fe(IV) cluster under turnover
conditions [7]. A possible explanation could be that, as ob-
served by us, the induced species X which represents a highly
oxidized state, is not stable at 77 K. It requires only a 1-elec-
tron reduction to transform it into an EPR-silent Fe(III)–
Fe(III) state. As described in the present paper, our EPR spec-
tra were recorded within 5 min–1 h after freezing the sample.
We have suppressed the contribution from species X in the
spectra shown in Fig. 3 by storage of the samples at 77 K.
In summary we have shown that recombinant C. tm. RNR
has enzyme activity associated with the presence of mixed
manganese–iron clusters in protein R2. These clusters seem
to function as generators of free radical chemistry needed for
catalytic activity of the enzyme, at least an order of magnitude
better than diiron clusters. The results may be important for
the understanding of the role of the free radical generator in
class I RNRs.
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